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Description 

Turbine Engine Pulsed Fuel Injection 
Utilizing Staggered Injector Operation 

Background of Invention 

[0001] Turbine engines currently utilize either a variable continu- 
ous stream or a pulsed stream to provide fuel to the en- 
gine. The primary objectives of both of these methods are 
to control the amount of fuel delivered to the engine and 
to attempt to deliver said fuel in the smallest droplet size, 
equally dispersed throughout the combustion area to pro- 
mote rapid and complete combustion of the fuel. The 
continuous stream method relies upon control of the 
quantity of fuel delivered to the engine at some arbitrary 
point upstream of fuel utilization and by mechanical frac- 
tionation of the fuel stream while the pulsating injection 
method as taught by Nearhoof, et. al. in U.S. Pat No 
6,742,430 ("Fuel Injection Control System for a Turbine 
Engine") rapidly turns the fuel on and off at the point of 
usage to achieve fractionation and control of the combus- 



tion process. 

[0002] The continuous stream method suffers the problems of 
complexity of the metering equipment, limitations on the 
final fuel particle size due to utilizing mechanical 
breakup/dispersion techniques, and slow system re- 
sponse to changing loads due to the mechanical equip- 
ment comprising the fuel system. A further limitation of 
the continuous stream method is in the inherent weight 
and precision manufacturing tolerances of the necessary 
metering pump(s) and/or valve(s) to control fuel flow. 

[0003] The pulsating injection method overcomes the limitations 
of the continuous stream method by eliminating the pre- 
cision mechanical controls and the need for mechanical 
fractionation of the fuel stream but the engine is subject 
to loss of flame stability at low pulse on-times due to the 
proportionally long time when no fuel is being supplied 
during each pulse cycle. 

[0004] This invention is designed to overcome these limitations 
by elimination of the mechanical metering equipment 
such as pumps and valves and by controlling groups of 
injectors independently rather than pulsing all injectors at 
the same time. Controlling groups of injectors overcomes 
the flame stability associated with pulsing all injectors at 



the same time along with maintaining the response and 
simplicity of the fuel delivery system lacking in the con- 
tinuous stream method. The problem of flame stability 
has previously been overcome by introducing a small 
quantity of fuel through a continuously fed injector during 
periods when the main injectors are operating at a low 
duty cycle or by cycling the main injectors at a relatively 
high frequency to keep the off-time of each pulse short 
enough to maintain the combustion process over the 
more stable continuous stream delivery system. By se- 
quentially operating groups of injectors, the time that the 
engine's fuel supply is shut off is reduced which allows 
the frequency of injector pulsing to be reduced to improve 
upon the overall life of the injectors and elimination of the 
supplemental continuous injector relied upon to maintain 

the combustion process. 
Summary of Invention 

[0005] This invention is an apparatus and method for controlling 
the injection of fuel in a turbine engine having a combus- 
tion chamber. The apparatus comprises at least four fuel 
injectors arranged and controlled in groups having means 
for delivering fuel in pulses to said groups of injectors 
within said combustion chamber of said turbine engine; at 



least one operating sensor, said sensor having means for 
receiving sensor signals from a selected operating func- 
tion of said turbine engine; a programmable electronic 
control unit for receiving and comparing the value of said 
sensor signals from said turbine engine to the value of a 
desired signal, and for generating fuel injector control 
signals in response thereto; and a means for directing 
said fuel injector control signals to said fuel injector 
groups to modify the pulse duration and/or frequency of 
fuel injection in response to a deviation from a selected 
operating function, such as the desired engine speed, 
caused by variable operating loads encountered by the 
turbine engine. The method for controlling the injection of 
fuel in a turbine engine having a combustion chamber and 
having at least four fuel injectors arranged and controlled 
in groups and at least one sensor for sensing operating 
signals from said engine comprises the steps of delivering 
fuel in pulses to said combustion chamber using said in- 
jector groups; sensing at least one operating sensor signal 
from said programmable electronic control unit; at said 
programmable electronic control unit, comparing the 
value of said sensor signal to the value of a desired signal 
and generating fuel injector control signals to each group 



of said injectors in response to said sensor signal; and di- 
recting said fuel injector signals to said fuel injector 
groups to modify the pulse duration and/or frequency of 
fuel injection in response to a deviation from desired en- 
gine operation caused by variable operating loads en- 
countered by the turbine engine. 
Brief Description of Drawings 

[0006] FIG. 1 is a plot of fuel flow versus load for a theoretical 

engine indicative of the fuel delivered to the engine by the 
continuous stream control systems. Indicated on FIG. 1 is 
an arbitrary operating point which is used in the following 
figures. 

[0007] FIG. 2A is a representation of fuel delivery to a theoretical 
engine utilizing the pulsed method of fuel delivery to il- 
lustrate the period of lack of fuel at low pulse on-times. 

[0008] FIG. 2B is a representation of fuel delivery to the same 

theoretical engine of FIG. 1 utilizing the pulsed method of 
fuel delivery but at a lower pulsing frequency to demon- 
strate the effect of pulse frequency on the period of no 
fuel flow. 

[0009] FIG. 3 is a representation of fuel delivery to the same the- 
oretical engine of FIG. 1 utilizing the grouped method of 
pulsed fuel delivery at the same frequency as in FIG. 2A to 



demonstrate the greatly improved period of no fuel flow. 

[0010] FIG. 4 is a representation of fuel delivery to the same the- 
oretical engine of FIG. 1 utilizing the grouped method of 
pulsed fuel delivery to illustrate the reduction in pulsation 
frequency possible by utilizing the grouped method while 
maintaining the same off time as in FIG. 2A. 

[0011] FIG. 5A is an internal view of a group of four (4) injectors 
as typically spaced around the combustion chamber ori- 
ented parallel to the axis of the turbine shaft. 

[0012] FIG. 5B is an internal view of a group of six (6) injectors as 

typically spaced around the combustion chamber oriented 

parallel to the axis of the turbine shaft. 
Detailed Description 

[0013] Referring now to FIG. 1 is a representation of fuel required 
by a typical turbine engine to achieve a given horsepower 
output. As can be seen from the plot, as greater horse- 
power output is required, more fuel must be made avail- 
able to the engine for combustion. All fuel delivery sys- 
tems exist for the purpose of regulating fuel to the engine 
in some manner to achieve the requirement of delivering 
greater amounts of fuel for greater amounts of power 
output. Prior art has utilized multiple fuel delivery nozzles 
or injection points spaced radially around the center of 



rotation of the turbine sliaft. Tlie quantity and sizing of 
tlie nozzles or injection points being in proportion to the 
maximum fuel delivery needs of the engine. Additionally, 
prior art has controlled all of the fuel delivery points in 
unison to maintain an equally balanced side thrust loading 
on the turbine wheel and shaft and to equalize thermal 
gradients throughout the combustion zone. Plotted on 
FIG. 1 is a selected operating point for the engine which 
will be used in the following Figures. 
[0014] Referring now to FIG. 2A and FIG. 2B is a representation of 
how fuel is delivered to a typical turbine engine at the se- 
lected operating point called out in FIG. 1 by achieving 
control of the quantity by pulsing the injectors in unison. 
Prior art as described by Nearhoof et. al. improves upon 
the continuous stream delivery method by turning the fuel 
flow on and off at the point of discharge into the turbine 
combustion area thus eliminating the metering pumps 
and/or control valving along with the conduits between 
the point of control of the fuel and the point of fuel deliv- 
ery into the combustion zone. All metering is controlled at 
the point of utilization by rapidly turning each injector on 
and off in unison. The longer during a cycle that the injec- 
tors are turned on, the more fuel that is delivered. As 



demonstrated in FIG. 1, if a tlieoretical point on the curve 
is selected of desiring an output of 30 percent of full 
horsepower it is necessary to provide the engine with 15 
pounds per hour of fuel. Utilizing the pulsed method of 
injection and using a nominal 50 pulses per second FIG. 
2A demonstrates 15 pounds per hour of fuel requires the 
injectors to be open 30 percent of the time and closed 70 
percent of the time. At 50 pulses per second this becomes 
open for 30 percent of 0.020 seconds or 0.006 seconds 
and closed for 70 percent of 0.020 seconds or 0.014 sec- 
onds after which time the cycle is repeated. FIG. 2B 
demonstrates the same method of control as in FIG. 2A 
but at a lower pulse rate of 25 pulses per second as an 
example. The same ratio holds true but now the open 
time is 0.012 seconds and the closed time is 0.028 sec- 
onds. An inherent problem with starting and stopping all 
fuel flow to the engine is that, during periods of low fuel 
demand a means must be provided to maintain the flame 
in the combustion zone. This has been accomplished by 
several means with the two most common being a very 
rapid frequency of pulsation or with the introduction of a 
small quantity of fuel through a continuously fed injector 
during low on-time operation to maintain ignition of the 



flame during the off-time portion of tlie pulsating fuel 
supply provided the main injectors. 
[0015] Referring now to FIG. 3 is a representation of the same 
fuel delivered to a typical turbine engine as in FIG. 1 and 
FIG. 2A but by controlling the injectors in groups. As pre- 
viously demonstrated in FIG. 1 if a point for operation of 
the same theoretical engine is selected on the curve of 
desiring an output of 30 percent of full horsepower it is 
still necessary to provide the engine with 15 pounds per 
hour of fuel. Once again utilizing the pulsed method of 
injection and using a nominal 50 pulses per second FIG. 3 
demonstrates 15 pounds per hour of fuel requires the in- 
jectors to be open 30 percent of the time and closed 70 
percent of the time. Since in this example only half of the 
injectors are open at a given time, the amount of fuel be- 
ing delivered is only half of the total with the result that 
an open time of 0.006 seconds and a closed time of 0.014 
seconds is still required for each of the two groups. The 
objective of this invention is to stagger to opening times 
of the groups. Consequently, the sequence of operation is 
now Group A opens for 30 percent of its cycle of 0.006 
seconds then closes. Group B is delayed by one half of a 
cycle of 0.020 seconds and begins its cycle 0.010 seconds 



later and is then activated for its open time of 0.006 sec- 
onds. Now Group A is activated and tlie cycle begins to 
repeat. The net result of the staggered operation is that 
the engine is in a no-fuel condition only during the period 
between the closing of one group and the opening of the 
other group. In the case in point the period of no fuel 
supply is reduced to 0.004 seconds. In both cases, the to- 
tal fuel delivered to the engine over time is the same but 
with the period of no fuel being supplied being drastically 
reduced. 

[0016] Referring now to FIG. 4 is a representation of the same 
fuel delivered to a typical turbine engine as in FIG. 1 and 
FIG. 2A but showing the possible reduction in frequency 
of pulsation to not only achieve the same quantity of fuel 
being supplied over time but additionally maintaining the 
same period of no fuel flow as in FIG. 2A. If it is assumed 
that the engine operation is stable with a time period of 
0.014 seconds of no fuel flow as is being achieved by op- 
erating all injectors in unison at 50 cycles per second at a 
30 percent on time to provide 15 pounds per hour to the 
engine FIG. 4 now demonstrates that if the injectors are 
pulsed in two staggered groups as in FIG. 3 it is possible 
to reduce the operating frequency to 12.5 cycles per sec- 



ond. As the objective of this invention is to reduce the pe- 
riod of no fuel flow, the optimum operating frequency 
would likely be at some value between original 50 cycles 
per second and the possible 12.5 cycles per second to 
gain both the benefits of a shorter period of no fuel flow 
and improved injector life from operation at a lower fre- 
quency. 

[0017] Referring now to FIG. 5A which shows an internal view of 
the injectors entering the combustion housing of the en- 
gine. For clarity, the injectors are shown as penetrating 
the combustion zone parallel to the axis of the turbine 
shaft. The objectives of this invention will also apply to 
injectors arranged to penetrate the combustion zone ori- 
ented at some angle to the axis of the turbine shaft. FIG. 
5A would be a typical layout in an engine utilizing the 
minimum number of injectors possible. In prior art, all 
four injectors would be operated in unison for each cycle. 
In the grouped method of operation, the injectors would 
be operated with injector #1 and injector #3 being a 
group and operating at the same time while injector #2 
and injector #4 would comprise the other group and be 
operated together. As such, there is always an equally 
balanced side thrust and thermal gradient on the internal 



engine components. 
[0018] Referring now to FIG. 5B wliicli also shows an internal view 
of the injectors entering the combustion housing of the 
engine. FIG. 5B would be a typical layout for a larger en- 
gine requiring more fuel than could be readily or uni- 
formly supplied by the minimum required quantity of four 
injectors. For clarity, the injectors are shown as penetrat- 
ing the combustion zone parallel to the axis of the turbine 
shaft. The objectives of this invention will also apply to 
injectors arranged to penetrate the combustion zone ori- 
ented at some angle to the axis of the turbine shaft. Once 
again, prior art would operate all six injectors in unison 
for each cycle. Utilizing the grouped method of operation, 
two operating patterns are now possible. If desired, injec- 
tor #1, injector #3, and injector #5 would be a group 
while injector #2, injector #4, and injector #6 would be 
the other group. Operation would alternate between the 
two groups, side thrust and thermal gradients on the in- 
ternal engine components would be balanced as in FIG. 
5A. It is also the intent of this invention to provide for 
more than two groups. In this case, injector #1 and injec- 
tor #4 would be the first group, injector #2 and injector 
#5 would be the second group, and injector #3 and injec- 



tor #6 would be the third group. Operation in this embod- 
iment would be group 1, group 2, group 3 for a complete 
cycle after which the process would repeat. This embodi- 
ment would maintain the balanced loading upon the en- 
gine internal components. In an even larger engine, the 
same types of grouping would be utilized but with more 
available patterns. As an example, if the engine would re- 
quire 12 injectors to provide sufficient fuel the system 
could be designed to operate with two injectors per group 
controlled as six groups, three injectors per group con- 
trolled as four groups, four injectors per group controlled 
as three groups, or six injectors per group controlled as 
two groups. In all cases, the objective of balanced loading 
and thermal gradients of internal engine components 
would be maintained. 



